Electroluminescent 9,10-diaryl anthracenes have been shown to be promising host and hole-transporting materials in organic electroluminescence due to their high thermal stability, electrochemical reversibility and wide band gap useful for organic light emitting diodes (OLEDs), especially blue OLEDs. Oxidation of cyclotriveratrylene (CTV) to the corresponding diketone and subsequent bromination resulted in an unexpected rearrangement to a highly functionalized 9-aryl-10-bromoanthracene derivative, which was employed in Suzuki couplings to synthesize a series of 9,10-diaryl compounds that are structural analogs of anthracene derivatives used in the preparation of OLEDs, but are more highly functionalized, including electron-donating methoxy groups in addition to substitution by a carboxylic acid moiety. The UV/fluorescence solution spectra show strong emissions at a 446 nm, 438 nm and 479 nm, respectively, for the anthracene 10-phenyl, 10-naphthyl and 10-pyrenyl adducts containing a benzoic acid functional group, whereas the analogs bearing the hydroxymethylene moiety from reduction of the benzoic acid to the corresponding alcohols gave much shorter emission wavelengths of 408 nm, 417 nm, and 476 nm, respectively, and had somewhat higher quantum yields, suggesting they are better candidates for OLED applications.
Introduction
The discovery and development of new materials for use in displaying electronic information has been essential in flat panel displays in today's ubiquitous portable devices and common everyday technologies including cell phones, flat-screen televisions, and ambient lighting. 1 The development of organic light-emitting diodes (OLEDs) 2 holds great promise for the production of highly efficient light sources, with the advantage that they can be more economical to use and they can exhibit electroluminescence at relatively low voltages, making them exceptionally useful for application in electronic devices. 3, 4 It is desirable that compounds used in OLEDs have good morphological properties including a good film forming ability, an amorphous or noncrystalline solid state, good thermal stability characterized by high decomposition temperatures, and a narrow HOMO-LUMO energy band gap in order to function in OLEDs. Red and green color electroluminescence are relatively easy to obtain from OLEDs, but blue color emitters are rare and tend to degrade rapidly due to the larger energy band gap required for blue color emission. This has triggered research into finding more stable organic compounds that can be used for making efficient OLED devices, especially for blue OLEDs.
The wide energy band gap of electroluminescent anthracene compounds makes them potentially useful for organic light emitting diodes, especially blue OLEDs, 5 and 9,10-diarylanthacenes ( Figure 1 ) are important blue host emitters in the preparation of OLEDs, including 9,10diphenylanthracene (DPA) 6 and 9,10-di-(2-naphthyl)anthracene (ADN). 7 Known 9,10diarylanthracene host emitters that contain a 2-tert-butyl group 8 include 2-tert-butyl-9,10-bis-(ânaphthyl)-anthracene (DBADN), 9 2-tert-butyl-9,10-di(9-phenanthryl) anthracene (TBDHA), 10 and 2-tert-butyl-9,10-di(1-pyryl)anthracene (TBDPA). 10 More highly functionalized 9,10-diaryl anthracenes have also been described in recent disclosures. [11] [12] [13] Three deep-blue-emitting anthracene derivatives, 2-tert-butyl-9,10-bis (9,9-dimethylfluorenyl) anthracene (TBMFA), 2tert-butyl-9,10-bis[4-(2-naphthyl)phenyl] anthracene (TBDNPA), and 2-tert-butyl-9,10-bis [4-(9,9-dimethylfluorenyl) phenyl] anthracene (TBMFPA), with naphthalene or 9,9dimethylfluorene side units were recently reported, 13 where amorphous thin film forming derivatives are enabled by effectively introducing alkyl substituents in the compounds to prevent the molecules from easily packing to form crystals in thin films. 8, 14 Bulky substituents on the anthracene moieties can improve both thermal and film forming properties. 10 
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Results and Discussion
Part of our research program is focused on the construction of apex-modified derivatives [15] [16] [17] of the trimeric crown-shaped (bowl-shaped) [1.1.1]orthocyclophane cyclotriveratrylene 1 (CTV, Figure 2 ) 18 with applications in host-guest chemistry. 19 Trans-annular rearrangements are known to occur when attempting to oxidize CTV-5,10-dione 1c to the corresponding triketone which leads to rearrangement to the spiro derivative 2, 20, 21 and we have observed a trans-annular electrophilic aromatic addition or substitution cascade following a Beckmann rearrangement reaction on a related system. 22 We examined the bromination of CTV 5,10-dione, indeed trying to avoid the formation of spiro derivative 2, which resulted instead in a rearrangement to the highly functionalized 9-aryl-10-bromo anthracene derivative 3a. Specifically, treating CTV diketone 1c with N-bromosuccinimide in the presence of benzoyl peroxide in 1,2-dichloroethane at 70°C for 5h afforded a 77% yield of bromoanthracene benzoic acid 3a. When the reaction was performed in chloroform, the ethyl ester 3b was also isolated with a significant NMR upfield shift for the methyl hydrogen atoms due to anisotropy [= 0.31 (3H, t, J = 7.14 Hz)], arising from acid-catalyzed esterification of the acid with ethanol present in commercial chloroform as a stabilizer. The exact identities of both 3a and 3b have been confirmed by single-crystal X-ray analysis (Figures 3, S1 and S2, Table S1 ). Table S1 ).
Given the interest in 9,10-diaryl anthracenes as hole transporting materials in organic electroluminescence along with their great importance in the preparation of OLEDs, and realizing that the 9-bromo substituent of anthracene 3a lends itself directly to the installation of a second aryl substituent on the anthracene via palladium catalyzed coupling reactions, we were excited to explore the effect of different substituents on the optical properties of this type of compound. Thus, we set out to determine the utility of 10-bromoanthracene 3a toward the preparation of 9,10-diaryl anthracenes with potential applications in the preparation of OLEDs.
To this end, Suzuki couplings were used to link bromoanthracene 3a with phenyl, 2-naphthyl, and 1-pyrenyl boronic acids to form 9,10-substituted anthracene derivatives 4a, 4b and 4c, respectively (Scheme 1). With 375 nm excitation, all of these compounds show unstructured blue fluorescence at 10 -5 M in dichloromethane solution. The lack of vibronic structure in the fluorescence suggests some degree of electronic interaction between the two systems. 30 Phenyl derivative 4a, (Fig. 4 ), provided unstructured fluorescence emission with a 446 nm maximum, while naphthyl derivative 4b showed unstructured fluorescence with a 438 nm maximum. This lower energy emission in 4a can be explained if the barrier to excited state rotational relaxation about the anthracenenaphthyl bond in 4b is greater than the excited state rotational barrier of the anthracene-phenyl bond in 4a. This is not surprising since we isolated atropisomers of the pyrenyl substituted 4c, which means it has a very high ground state barrier to rotation. The longer wavelength fluorescence maximum in the phenyl derivative 4a then reflects a lower energy flatter excited state conformation with respect to 4b. 31 In pyrenyl system 4c, the unstructured fluorescence maximum in dichloromethane is 479 nm. This is quite red shifted compared to the fluorescence of 1-phenylpyrene 30 and even more red shifted than the fluorescence of 1-(9-anthracenyl)pyrene in acetonitrile which was attributed to charge transfer interactions. 32 This suggests that the fluorescence of 4c has a large component of charge transfer interactions. We know from the 4c atropisomers that we isolated that the ground state barrier to rotation is large, so 4c isomers have the least ground state  overlap between the aromatic systems of these derivatives. The solid state fluorescence maxima of the acids were all blue shifted compared to their solution state fluorescence spectra, whereas the solid state fluorescence maxima of the phenyl and naphthyl substituted benzyl alcohols were red shifted, but the fluorescence maximum of the pyrenyl substituted benzyl alcohol was blue shifted, again in comparison to the corresponding solution fluorescence maxima. The blue shifts for the solid state fluorescence maxima of acids 4a, 4b, and 4c, in comparison to their solution state fluorescence maxima, suggest that, in these solid state excited states, there is less overlap between the aryl rings and the anthracene core. This could be understood if, in these solid state excited states, the barriers to rotation of the aryl rings toward coplanarity with the anthracene core are higher than the corresponding barriers for the solution state excited states.
Suzuki coupling of
The pyrenyl benzyl alcohol 5c also shows a blue shift for the solid state fluorescence maxima. In contrast, the other two benzyl alcohols 5a and 5b show red shifts in their solid state fluorescence maxima.
The differences in the relative efficiencies of fluorescence in solution versus in the solid state are dramatic. In solution, the phenyl and naphthyl substituted benzyl alcohols have much higher quantum yields than the corresponding acids. In solution, both pyrenyl substituted molecules showed similar maxima that show considerable charge transfer character in the excited state.
Their solution state fluorescence quantum yields were similar to each other, about three times the quantum yields for the phenyl and naphthyl acids and about one half of the value for the phenyl and naphthyl benzyl alcohols. We recorded the solid state fluorescence spectra of each compound and in Table 1 report the solid state fluorescence output as the product of the absorbance value at the wavelength of excitation (370 nm) and the integrated fluorescence intensity for each compound. It is clear that the phenyl substituted acid 4a has the most intense fluorescence. The solid state fluorescence spectra were normalized by division of the product of absorbance time integrated fluorescence intensity for all of the other compounds by the product of absorbance time integrated fluorescence intensity for 4a. Those ratios are shown on Table 1 .
The solid state fluorescence intensities of 4a and 4b are considerably larger than those for the other compounds.
Solid state fluorescence spectra are strongly influenced by intermolecular steric forces 41 and crystal structure which determine distance and orientation between neighboring molecules. [42] [43] [44] Changing substituents on molecules can change crystalline forms 45 and fluorescence efficiencies. 46 Thus, the differences in solid state fluorescence could be attributed to a greater angle between the core anthracene and the phenyl and naphthyl rings in the acids 4a and 4b which would then increase the distance between successive planes of solid molecules and increase the fluorescence efficiencies with respect to the solution efficiencies. On the other hand, the solid state UV spectra show slight red shifts for 4a and 4b, so we contine to look for the best explanation. The band gap values were calculated from the wavelength at the onset of absorbance.
v =c/hv = EHOMO-ELUMO……….. (4) where c is light velocity in vacuum,  is the wavelength of the absorption onset, and h is Plank's constant.
In summary, we report the rearrangement of a CTV derivative to a highly functionalized 9-aryl-10-bromoanthracene derivative. From that bromoanthracene derivative, we have prepared a series of 9,10-diaryl derivatives utilizing Suzuki couplings. These Suzuki products were evaluated as the parent benzoic acids as well as their corresponding reduced alcohol derivatives by solution and solid state UV and fluorescence spectroscopy. We have measured the relative fluorescence quantum yields (Qf) in addition to the absorption energy band gaps for each of the 9,10-diaryl anthracene derivatives. Several of these compounds with higher quantum yields, especially 5a and 5b (Qf = 32.5% and 39%), show promise as hole transporting materials in organic electroluminescence for the construction of organic light emitting diodes (OLEDs), especially blue OLEDs.
Experimental Section
All solvents and reagents were used without further purification unless otherwise noted. Solvents ( 2,3,7,8,12,13)-Hexamethoxy-5H-tribenzo[a,d, Bromo-2,3,6,7-tetramethoxyanthracen-9-yl) The structure was ultimately confirmed by X-ray crystallography (CH2Cl2/heptane) as seen in Fig 3 (and Fig S1, Table S1 ). Bromo-2,3,6,7-tetramethoxyanthracen-9-yl) 1 mL) . The reaction was stirred at 70C for 5.5 h, during which time the reaction solution had turned from an orange to a dark brown. The mixture was then cooled to room temperature and diluted with deionized water (5 mL) and methylene chloride (5 mL), and the pH was adjusted to pH 10-11 with 2M aqueous sodium hydroxide solution. The aqueous layer was extracted with methylene chloride (2 × 5 mL).
2-(10-
The combined organic layers were successively washed with brine and dried over sodium sulfate. 5-dimethoxy-2-(2,3,6,7 -tetramethoxy-10-phenylanthracen-9-yl)phenyl)methanol (5a).
Phenyl anthracene derivative 4a (122 mg, 0.22 mmol) was dissolved in THF (0.4 mL). A solution of lithium aluminum hydride (0.45 mL, 0.45 mmol, 1.0 M in THF) was added gradually via syringe and the reaction was then heated to reflux under nitrogen for 19 h. It was then allowed to cool to room temperature and diluted with 15% aqueous sodium hydroxide (1.0 mL), stirred for 10 min and then diluted with THF (1.0 mL) followed by water (1.0 mL). nitrogen for 24 h. The reaction was then allowed to cool to room temperature and diluted with aqueous 15% sodium hydroxide (1.0 mL), stirred for 10 min and then diluted with THF (1.0 mL) followed by 1.0 mL water, dried with MgSO4, filtered and washed with THF, dichloromethane and ethyl acetate, then concentrated under reduced pressure and purified by silica gel column chromatography eluting with toluene/dichloromethane and dichloromethane/ether (100% to 10 % with 10 % increments for each interval) to obtain 5b as a light orange solid product (85.9 mg, 100%): 1 
